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AT MACH NUMBERS 1.2 TO 3.0 

By murice A. Sylvester,  Herbert C. Nelson, 
and Herbert J. Cunningham 

Some *heoretical and experimental f lut ter   resul ts   for   s implif ied 
pmels  clanped on f ront  m d  rear edges me Fndicated and  compared. The 
resul+,s of t e s t s  on buckled  panels clamped on four edges show thzt, in 
general, their f lut ter   cheracter is t ics   cesnot  be preaicted on the basis 
of  %he SFnrplified theore-tical  or  experhental results. An e s t m t e d  
f l u t t e r  boundeqy is  presented f o r  buckled ganels clamped OE four edges 
and having  various  vidth-to-leng'd  ratios. A gressure  different ia l  i s  
found t o  be effective in supgressing f lu t t e r .  The r e su l t s  of the exper- 
h e I i t a 1   t e s t s   W i c a t e  thet ganel   f lu t te r  is probably of concern wirily 
f r o m  e fatigue  standpoint. 

- 
- 

As more airplanes and missiles  are  being  designed t o  operate e=t 
supxcsonic speeds,  there is a continuing  concern th~.t portions of the 
skin coverings nay  be subject t o  f l u t t e r .  Consequently, some experimental 
md  theoretical   studies have been made to e n l u a t e  some of the  signifi- 
cznt  varizbles i?l the problem. The results of these  studies may e x p l a h  
the  czuses of panel  failures on some current high-speed airplanes and may 
s l so  indicate  sources of trouble on future  airplane end missile  designs. 

Tne main purpose of this paper is to   present   the  resul ts  of some 
recent  panel-flutter experiments. In  d d i t i o n ,  a br ief  sutmary  of some 
theoret ical  work  on pv le l   f l u t t e r  i s  ?resented and a comperison is  mede 
between sone of the   theoret ical  and experimental results. Tne experiments 
extend  previous work (ref. 1) to  include  greater  renges of &ch number, 
pressure  differential  ecross  the  panel, a& ra t ios  of parel width t o  
lengti .  Most of the tests were mde with buckled  rectangulax panels 
clanpea on ei ther  two or four edges and mounted as a section of the  tunnel 
wall. m-e buckling  forces were induced by thermal s t resses  o r  by  a com- 
bination of thermal  stresses and apslied edge forces. The dynmic  pressure 
was essentially  constm-l (approxiLmately 6.2 pounds per  square  inch)  for 
most or" the  experimental t e s t s .  
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SYMBOLS 

d naximum depth of buckle w i t h  no air flow 

E Young's nodulus of e l a s t i c i ty  

2 panel  length in direction of flow 

M Mach  number 

9 dynamic pressure 

t pasel  thickness 

V streem  velocity 

W panel w i d t h ,  gerpen6icular t o  flow 

Subscript: 

r reference  experimental  conditio= 
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RESULTS AND DISCUSSION 

Panels  Fastened on FYont asd Rear Eages 

S m m a ~ " ~  of theory.- R summary of some recent theoretical work on 
panel f l u t t e r  is shown i n  figure 1. Several  investigators who have 
worked on panel   f lut ter   are   l is ted,  and the  perticular problems treated 
axe indicated, by the check marks. The panel  configurations that were 
studied are the f la t  panel, the buckled  penel, and the in f in i t e  f la t  
panel on nany supports. All the pnels  were considered  two-dimensionel 
both  structurally and aerodyzmnically, md most of the work applied t o  
supersonic  speeds.  Isaacs  (ref. 2) treated the s t a t i c   s t ab i l i t y  of a 
buckled  panel and, of course, used steady-state sir forces. H e  advanced 
as plausible the concept that a buckled ppenel -dl1 flut ter  i f  it is not 
s ta t ical ly   s table ,  and on +;his basis he obtsined  a  design  criterion 

(essentially ( . d x  $713 2 = 0.3k3). Hayes (ref. 3 ) ,  in addition 

t o  considering the s t a t i c  stzbility, a lso  t reated  qmli ta t ively  the 
dynmic  s tsbi l i ty  of buckled  panels,  but used only steady-stste air forces. 
Miles (ref. 4) studied  the dynamic s t a b i l i t y  of both f la t  zsd buckled 
panels &ad used air forces t h a t  included first-order aerodynamic  damping. 
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I Sien  (ref. 5 )  extended the work  of Miles on f lat  pmels  by using  exact 
m s t e d y   a i r   f o r c e s .  Yedgeseth, Bulianslqy, end L e o m d  (ref. 6) w l y z e d  

F the  FnTinite  f1z.t p m e l  on many supsorts esd r'ouod that s t a t i c  divergence 
was of co~1cerr- a t  subsonic  speeds, am3 f l u t t e r  was of concera a t  super- 
sonic speeds. Fung (ref. 7) imes-liga-led t h e   s t a t i c   s t s b i l i t y  or' buckled 
penels a?.?d collcluded that  the  height of the buckle WES a s ign i f i cmt  
parmeter. Nelson zlzd Cur?-?in&mm (ref. 8) used exact  unsteady a h  forces 
in   t he i r  study of the dynamic s t a b i l i t y  or' I"1.z-t panels. ThLs analysis 
appears t o  be the most general and f lexible  tbt i s  available f o r  -tae 
single,  flat,  tk-o-dinemiom1  pmel and included a study of the  effect  
of such fac-lors as lkch n-mber, nuuber or' modes in the analysis, s t ruc tura l  
damping,  and tension. 

The analy-lical work has contributed  to an understandizg of the  panel- 
f l u t t e r  phenmecon, but *%her  work is  needed Ad extend the  theories t o  
nore  practical  panels which me not  two-dimensional and which'may be 
ei ther  curved or buckled in a complex  manaer. 

Cornprison of theory znd emer&nent.- Only Isazcs and Nelson and 
Cuminghzm obtained results fo r  clamped-edge panels which correspoa to 

conpmed with  t ' iese  theoretical  results in figure 2. Thfs figure shows 
the  thickness-to-lengt'n rat50 required for f lu t tenf ree   opera t ion  of 
almhm pvlels as e function of &ch nmber. The data axe for  panels 
a t  an a l t i tude  of 25,000 fee%  since this i s  approxhately  the  equivalent 
press-me  eltituCie a t  which nost of the  experimectal date were obtained. 

- thase used in these  experimeiital  studies. Sone expe rhen td   r e su l t s   a r e  

necessary,  the  eQerinen-lal data were adjusted  to  this  pressure 

1/3 
e l t i t m e  with the relat ion 2 = ($1 (5) . %e subscript r re fers  t o  

2 T 

t'h exp€rimental  conditions.  !he panels used the  eqerliments were 

11.62 icches  long end had a width-to-length r a t i o  of 0.69. The boundary 
representilr-g I saacs '   s t a t i c   s t ab i l i t y  or f lu t t e r   c r i t e r ion   fo r  buckled 
pvlels 5s snom~, &ad the  circuler symbols &-e the  correspording emeri- 
mental p o h t s .  The boundz-ry obtained from Nelson and Curdn@;han's +wo- 
dbensional   f lut ter   theory for flat panels is also indicated and the 
squares me   t ne  associaked eewimeata l   resu l t s .  The theoretical  curves 
a re  shohm. t o  increase  rather s w p l y  a t   t h e  Lower  Mach nmbers. For 
Isaacs' TesuJ-ts, the  jxcrease is due t o  the use of' steacly-stake linearized 
a i r   forces  which become M i n i t e  a t  M = 1. For the  curve or" Nelson 

) 

Curningham, the  increase is  due t o  a change in f l u t t e r  mode and 
I decresseti aerod-ic dmping. This l a t t e r  curve vould have a f f n i t e  

o rdba te  et 14 = 1. Figure 2 also shows tha-b, in  geaeral, bizchled 
p n e l s  appem t o  be more suscept5ble t o  f l u t t e r  t h m  flat  panels. 

I 
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Effect of eltitlJ6e.- The results in   f i gu re  2 are for aluminurn pulels 
a t  an eltitizde of 25,000 feet.  Since boeh eqeriment arxl theory  indicate 
that the  effect  of decreasing  the air density is  benef ic id ,  it i s  of 
i n t e re s t   t o   nc t e  the effect  of altitude OD panel  f lutter.  Figure 3 show 
the varietion of the  thickness-to-length  ratio v i th  a l t i tude  f o r  buc'ded 
duxinm panels a t  Mach nmbers of 1.2 and 3.0. The boundaries heve  been 
determined by adjusting the eeer - ian ta l  results from figure 2 t o  t'ne 

- 1/3 
qqropr i a t e  pressure s l t i t ude  ~ 5 t h  the relat ion 9 = ($) (A) , which 

r 9, 
was indicated  previously.  Figure 3 shows that the  thickness-to-length 
ratio t o  prevent f l u t t e r  i s  reduced as the  zlt ifxde is increased. 
Increasing t'ne Mmh number frcn 1.2 t o  3.0 ra ises   the boundmy some- 
what, izdicating e. slight adverse Y ~ c h  number  eTf ect. 

Effect of a gressure  differential.- The results  discussed so far 
have  been for panels  with  zero  pressure  differential between the  two 
surfaces. It was observed during the   pmel - f lu t te r   t es t s  that a sos i t ive  
or negative  pressure  differential  could be used t o  &vantage i n  stop-iing 
or col t rol l ing t ? e  f lu t t e r .  Since eirslane and missile panels m y  be 
scbjected to   pressure  different ia ls  03 versous emounts, the effect of a 
presswe differeatid is  of interest .  

Tne effect  of' a pressure  differential  on t a e  flutter OP buckled  panels 
clanped a t  the front  a d  rear  edges i s  indicated  in  figure 4. These 
results were  ob-lained experLrentally w i t h  alumi-rlum-alloy, steel, magaesim, 
m d  brass gvlels &vug e length of 11.62 inches an& a v5dth-to-length 
r e t i o  of 0.0'9. Tie  ordinete is the nondimensional  grouping of eerodynamic 
md  s t i f fness  geraraeters which vas first suggested by Iszacs and which 
h s  been found useful  in  presenting  the results of tests on this ?anel 
config-mation for the  range of Mzch nmker  tested (M = 1.2 t o  3.0). 
The  Mach nmber  factor is based on steady-stste  linearized cir forces 
and is, therefore,  not  valid ne= a Mach nmber of 1.0. The experimental 
data qointx i d i c a t e  the pressure  differential ,  measured i n  pounds per 
square inch,  required to   s top   f l u t t e r  at Yich nmbers 02 1.2, 1.3, 1.6, 
and 3.0. A conservative boundmy is  faired  to  contain the datz points 
and represents the division betweer- t h e   f l u t t e r  and oo-flutter  regions. 
Figure 4 shows that e. pressLre  dif'ferectial of the  order 02 a few tenths 
of a porn& p r  square inch was effective i-n e l ix ina t ing   f lu t te r  on all 
per?els tested, and 3=.-b the  axomt of pressme  different ia l   require6  to  
szpsress  fluteer  decreases ELS t ce  v.due of the "flutter  paraneter" is 
increased. No f l u t t e r  w8.s obtained on these sanels at a value of this 
pmE"xeter greater   thm approximately 0.44. Vmietions  in the amount or 
depth of buckling did not zgpew t o   a f f e c t  the results for  the  range of 
this vsrrisble  studied  (valiles of d / 2  from 0.003 t o  0.009). 



Pvlels Clamped on Four Edges 

Comparison of experiaental results.- Fkperimentd  studies on simpli- 
f ied  pmels  clawed on the fro=% an& r e a  edges ere useful i n  investigating 
f lut ter   t rends a& in  p rov ia i cg   e~e rhen taa lve r i f i ce t ion  of existing 
theories. Eowever, resu l t s  of t e s t s  on pmels  clamped  on four edges  axe 
needed t o  d e t e m k e  the extent  to which the resu l t s  of studies on shqpli- 
fied  panels  my be zpplied t o  t h e  mre  practical  panel  configurations. 

The resu l t s  of t e s t s  on two buckled p a e l  configurations claqped on 
four edges a re  sho-m i n  figure 5, and the results are   coqpred witi %he 
f l u t t e r  boundary (reproduced from f i g .  4) f o r  panels of the same length 
(11.62 inches) clamped on the   f ront  and rear edges. The one- and two- 
half-gave  types of buckling were east ly  obtaineO on the  panels clamged  on 
four edges which  had width-to-lengti  ratios of 0.83. The flu-lter  permeter 
is  a-in plotted  agailzst  the  pressure  differential, md roe boundary a& 
dzta  points  indicate  the  pressure  differential  required t o  s top   f lu t te r  on 
the  penel  configurations  idertified in figure 5. For instance,   f lut ter  
wzs encountered on a given  panel at values of the  pressure  ZLifferential 
l e s s  than thet  inciczted by the  datz  point and no f l u t t e r  occurred for 
higher  values of the pressure  differential.  Boukieries  are  not drawn 
fo r  panels  clmped on four edges  because of the  scat ter  in the lFmited 
da-k available. The data show,  however, that psnels with the two-h&lf”wave 
type of bucklillg  require a grea te r   g ressure   d i f fe ren t ia l   to   s top   f lu t te r  
than do panels  buckled Fn one half-wave, and that panels  clanped on 
four edges m y  be  either less or  more susceptible -lo f l u t t e r  thaa panels 
c1mped on the front and rear edges. I n  no case was the pressure  differ- 
en t ia l   requi red   to   s top   f lu t te r  greater then zipproximately 0.87 Found 
per s q m e  inch.  Increasiag  the amount of buckling or des-kroying the 
symnetry of tine txo-half-wave ty-pe or” buckling  zppeared t o  have a stabi-  
l iz ing  effect  on the stiffer panels clemped on four edges. 

- 

I 

The velues of pressure  differential ,   referred  to i~ the discussion 
of figures 4 and 5 ,  represent  the approximate difference between the 
s ta t ic   pressure behind the  panel and the   effect ive  s ta t ic   pressure a c t a  
on the  surfece exposed t o  the stream flow. Because of the   scat ter  in  the 
dztz,  the  general magnitude of this   pressure  di l ferent ia l  esd the  trends 
shown shodt i  be emphasized rather  than  the  exact  values of the  pressure 
different ia l .  

Effect of p v l e l  widkh-to-length ratio.-  Panel  width-to-length r a t io s  
v a y  over EL wide rmge, m-d it Eppears that -he widthn rather thaa the 
lengih m y  be of more aignificmce  for  long narrow  pm-els. This obser- 
vation is  supported by the informt ion  in figure 6 which M i c a k e s  the 
effect  of p a e l  width-to-length r a t i o  and summarizes the  present  f lutter 
experience on buckled pvlels clarrped on four edges. Most of t he  data were 
obtaiaed a t  a Ikch number of 1.3 f o r  pmels  which had no currveture prior 
t o  buckling. However,  some data  are  presented  for buckled penels with 
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a s l ight  hitiel curvature  (radius of curvatxre  approxhmtely eqml  
t o  48 inches). The panels wit'n width-to-leng",h r a t i o s  of 0.20, 0.50, 
and 0.83 were 11.62 inches long and Close w i t h  a wicith-to-length r e t io  
of 2.0 -rere 5.81 inches  long. The panels w e r e  bxckled by thernal  and 
applied edge forces, and, i n  general,  the  tmes of buckling nodes forned 
were rather complex an6 strongly depen6en-k  on the panel wfd%h-to-lez@h 
ra+,io as w e l l  as the   ra t io  of zpplied edge forces i n  one direct ion  to  
those i n  the perpenSiicular direction. The blxkled modes usually con- 
s is ted of E. series of approxknzte ba1f"waves  Murning in the direction of 
tine longer pm-el  dimension and having a hlf-wave  length roughly equal t o  
the  shorter  panel dimension. 

. 

The ordinete of figure 6 i s  the  sreviously  presented  panel-flutter 
parmeter, ard the  zbscisse i s  identfcal except that the length has been 
replaced by the width. The streight  l ines  radiatfng from t i e  o r i g h  
are   l ines  of constant  width-to-length  ratios. Moving & m y  from the 
origin on these  lines  represents an increase i n   t h e  panel  thickness  (or 
s t s f n e s s )   s h c e   t h e  dynezpic pressure wes essentislly  constant for these 
tes ts .  The solid symbols represeat  f lutter,   the open symbols Fndicate 
no f lu t t e r ,  and the short dashes represent an estimated f l u t t e r  boundary 
besed on the experience w i t h  these panel  corSigurations. Although addi- - 
t i o n d   d a t s  are needed t o  establish =ore definitely the f l u t t e r  boundary, 
it i s  apparent that the panel w i d t h  i s  s i w i f i c m t  when the penel width- 
to-length  ratio i s  reduced sufficiently. For example, for   pmels  wFth 
width-to-lengbh ratios  greater  than agproximately 0.8, decreasing  the 
lengbh is effective i n  elininating  f lutter.  However, for panels w i t h  
width-to-length ra t ios  less than approximately 0.5, decreasing the width 
appears t o  be a more effective method of' reducing  the  possibility of f lu t te r .  

Penel f l u t t e r  can  occur  throughout the unstable region &s indicated 
by the Czta soints. Elowever, i ts  occurrence may be of a somewbat stat is -  
t i c a l  nature  since such factors as variations  in the tme and amount of  
buclrling a d  a small messme  d i f fe ren t ia l  nay reduce 3r elininate the 
unstable  region. For instance,  the  flutter of re le t ively stiff panels 
with w/2 = 0.83 occurred only when the pne ls  w e r e  buckled  predomtnently 
i n  two half-mves.  Observations of the f l u t t e r  tests showeci that when 
f l u t t e r  does  occur it is not  necessarily  mediately  destructive  but is 
probably of concern mzinly from a fatfgue  stmdpoint. The f lu t te r  f re-  
quencies were predominantly in   t he  50 t o  200 cps  rmge. 

As a IIiatter of interest ,  some of the apparently more c r i t i c a l  panels 
on the Bell X- lA research  airplane would l i e  nesr  the flxtter boundary 
for flight et low supersonic Mach n-nbers a t  an al t i tude 02 40,000 feet .  
A nu!ber of current hi&-speed a*lanes have sone gmels which would 
plot well within  the  unstable  region, and a f e w  panel failures which 
have occurred m y  have been due to   f l u t t e r .  
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CONCLUDING RZ" 

7 

Sone theoreticzl  and experimental f lu t te r   resu l t s   for   s impl i f ied  
panels clamped  on the f'ront md rear  edges  have  been indicated and 
compzred. For these p a e l  configuratioos, the thickness  required  for 
flutter-free  operation is increased sonewhat as the Mach number is 
increased from 1.2 t o  3.0 (at constant  densiky).  Increasbg  the altitude 
is  benef ic ia l   in   tha t  the panel thickness t o  prevent f l u t t e r  i s  decreased. 

The resu l t s  of tests on buckled  panels clamped on four edges have 
rlso been discussed, and it was shown that they may be either less or 
more suscept ib le   to   f lu t te r  thzn sini1e-r  panels  clmped only on the front  
and r e m  edges. A f l u t t e r  boundmy has been e s t d t e d  for  bucIrled panels 
clmped on four edges and having various wi&th-to-length rat ios .  This 
boundary indicetes  thet the pasel width is probably of more significmce 
than the length for  pesel width-to-length ratios less than  approximately 
0.5. 

A pressure  differential was fourd t o  be effective i n  e l g i n a t f a g  
I f l u t t e r ,  end for  t h e  panels tested did not exceed- a s r o x h a t e l y  0.87 pound 

per  square  inch. . - It WES Fndicated khat panel   f lut ter  is probebly of concern marzlly 
2rom a fatigue  standpoint. 

Langley Aeronautical JXborEtory, 
\ National Advisory Committee for  Aeronutics,  

Lengley Field, Va., A p r i l  27, 1955. 
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I SUMMARY OF THEORETICAL WORK ON PANEL FLUTTER 

CONFIGURATION PANEL 1- 1-  1- 
STATIC  DYN.  STATIC  DYN.  STATIC DYN. 

" 

- 
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I I I 
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I I I I I 

SHEN I 
HEDGEPETH, 

AND LEONARD I I I I I I J  BUDlANSKYs 

I NELSON  AND 
CUNNINGHAM I I J I  I I I 

Figure 1 

THICK NESS  -TO-LENGTH  RATIO  REQUIRED  TO PREVENT FLUTTER 
ALUMINUM  -ALLOY PANELS AT 25,000-FT ALTITUDE 

"r r2-DIM. FLUTTER  THEORY 

STATIC  STABILITY, ISAACS 

0 

I I I I 
1.0 15 2.0 2.5 3 .O 

M 

Figure 2 
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EFFECT OF  ALTITUDE, ALUMINUM PANELS 

EXPERIMENTAL  RESULTS  ADJUSTED  BY +=(:I ( tr) 4r 

Ma3.0 
1.2 

0 WOO0 60,000 
ALTITUDE .FT 

EFFECT OF A PRESSURE DIFFERENTIAL 
- = 0.69 W 
1 

.6 

0 

FAlRED  BOUNDARY 
M 

0 I .2 
0 1.3 
0 1.6 
A 3.0 

I I 1 1 
.2 .4 .6 .8 

PRESS. DIFFERENTIAL  REQ'D. TO 
STOP FLUTTER, LB/SQ IN. 
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COMPARISON OF EXPERIMENTAL  RESULTS 
M . 1 . 3 ;  2=11.62 IN. 

I I I 1 I I 

PRESS. DIFFERENTIAL REO'D. TO STOP FLUTTER, LB/SQ IN. 
0 .2 4 .6 .a 1.0 

Figure 5 

EFFECT  OF WIDTH- LENGTH RATIO 
BUCKLED PANELS 

0 NO F L U T T E R } J ~ ~ .  
0 FLUTTER = FLUTTER R-48 IN. 

R-RADIUS OF CURVATURE 

0 '  .2 4 .6 .8 ', 1.0 1.1 

NACA - Langley Pleld, VL. 
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